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In this study an inverse model was developed to derive relevant ultrasonic parameters from 20 
ultrasonic shear reflectometry measurements. The inverse model includes four variable 21 
parameters: tind (induction time), K (crystallization rate), vs2 (shear  ultrasonic velocity) and as2 22 
(shear ultrasonic attenuation coefficient). Both the temperature effect and the effect of a minor 23 
component limonene (in different concentrations) on the isothermal crystallization of cocoa 24 
butter were studied with the ultrasonic shear reflectometry technique and associated inverse 25 
model. Subsequently, the ultrasonic parameters were compared with results of conventional 26 
techniques to monitor fat crystallization (DSC, PLM). The study shows that tind and K provide 27 
information on the kinetics of the microstructure development. The parameter vs2 is related with 28 
the equilibrium SFC, while as2 is both influenced by the SFC and the organization of the crystals 29 
in the network, yielding information about the microstructure of the crystallized samples. 30 
Industrial relevance: The microstructure of crystallized fat determines to a large extent the 31 
macroscopic properties of fat rich products, such as texture, mouthfeel,… Hence, monitoring 32 
the crystallization behavior (including not only the primary crystallization but also the 33 
microstructural development) during the production process is of utmost importance in order 34 
to obtain high quality end products. The ultrasonic shear reflectometry technique is a fast non-35 
destructive technique which provides quantitative data about the crystallization process based 36 
on an inverse model. The simplicity of the technique offers potential for inline control. This 37 
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may be beneficial to evaluate the crystallization process under different process conditions and 38 
to stimulate product innovation as more insight can be obtained in the microstructure 39 
development of new products.  40 
 41 
1. Introduction 42 
As the fat crystallization process determines to a large extent the quality of fat containing food 43 
products, several methodologies have been proposed to monitor the fat crystallization process.  44 
These techniques differ in the fat crystallization features they measure, and monitor various 45 
aspects of the fat crystallization process on multiple length scales.  46 
Different structural levels can be distinguished in a fat crystal network. The crystallization 47 
process starts with the primary crystallization whereby the triacylglycerols (TAG) form 48 
crystalline lamellae. As the fatty acid chains of the TAG can adopt different molecular 49 
arrangements, distinct packing modes arise which result in different polymorphic forms with 50 
specific physical properties. The crystalline lamellae stack in crystalline nanoplatelets with 51 
dimensions in the hundred-nanometres range (Marangoni et al., 2012). The nanoplatelets then 52 
aggregate further through van der Waals attraction and clot to form larger clusters which 53 
interact even further, finally resulting in the formation of a continuous three-dimensional fat 54 
crystal network. The number, size, shape and spatial distribution of the particles and clusters of 55 
sizes between 1 and 200 μm define the microstructure, which is known to have an enormous 56 
influence on the macroscopic properties of fat products (Acevedo et al., 2011; Narine and 57 
Marangoni, 1999). 58 
The nanoscale structures can be investigated by X-ray diffraction (XRD): the different 59 
polymorphic forms have characteristic wide angle XRD patterns, while small angle XRD 60 
patterns can be used to determine the thickness of the individual crystalline lamella and even 61 
the crystalline domains (which correspond to the thickness of the nanoplatelets) via Scherrer 62 
analysis (Acevedo et al., 2011). As an alternative, various types of microscopy can be applied 63 
to visualize the different structure levels. Cryogenic transmission electron microscopy has been 64 
used to expose the nanoscale structures, whereas polarized light microscopy (PLM) is often 65 
used to display the microstructural level (Acevedo et al., 2011; Marangoni et al., 2012). 66 
Although very valuable information can be obtained with microscopy, the technique also has 67 
some drawbacks. The sample material between the glass slides must be sufficiently thin in order 68 
to limit the attenuation of the transmitted light. This leads to growth restricted to one dimension 69 
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(Ghotra et al., 2002). In addition, quantitative data cannot be directly obtained from microscopy 70 
pictures.  71 
Besides the structural rearrangements during crystallization, other properties of this liquid to 72 
solid transition can be probed. For instance, the relative amount of solid substance, better known 73 
as the solid fat content (SFC), can be determined by pulsed nuclear magnetic resonance 74 
(pNMR). As crystallization is an exothermic reaction, the released heat can also be used as a 75 
measure for the amount of crystallized material. This principle is applied when using 76 
differential scanning calorimetry (DSC) to monitor fat crystallization (Foubert et al., 2003). 77 
Finally, the crystallization process can also be followed by changes in the viscoelastic properties 78 
revealing the fluid and/or solid character of the sample system. This can be done using 79 
oscillatory rheology (De Graef et al., 2006) or using a viscometer (Dhonsi and Stapley, 2006).  80 
The different techniques discussed above are the conventional techniques used to monitor fat 81 
crystallization processes, each with their advantages and disadvantages, but with the common 82 
limitation that they cannot be used for inline monitoring and control. Inline methods to monitor 83 
fat crystallization could have significant economic benefits, and therefore, there is a constant 84 
search for alternative, non-destructive techniques that can be used for inline inspection. 85 
Furthermore, the crystallization depends on the process conditions (temperature, shear, time) 86 
applied (Afoakwa et al., 2008) and it is therefore critical to monitor the crystallization process 87 
under the same process conditions, what is done automatically with an inline technique. NMR-88 
MOUSE (Nuclear Magnetic Resonance - mobile universal surface explorer), Laser 89 
backscattering, Near-Infrared (NIR) spectroscopy and ultrasonic techniques have been 90 
suggested. NMR-MOUSE can be utilized for inline SFC measurements, but the technique is 91 
limited to static conditions and is less accurate than ultrasonics (Martini et al., 2005a). NIR 92 
spectroscopy allows to obtain microstructural information related to the size, shape and quantity 93 
of crystals via correlations between NIR spectra and measurements of viscosity and crystal 94 
content. Although these correlations are derived statistically and the relationship with the 95 
crystallization process is unclear (Bolliger et al., 1999), Svenstrup et al. (2008) demonstrated 96 
that NIR spectroscopy could distinguish between different tempering procedures. Furthermore, 97 
NIR spectroscopy has also been applied for the on-line determination of the fat content of meat 98 
(Wu & Sun, 2013). Laser backscattering can be applied to monitor changes in particle size 99 
distribution during crystallization, and although the total particle count correlates well with the 100 
amount of crystallized fat, it does not measure the solid fat content in a direct way and merely 101 
serves as an estimation (Hishamuddin et al., 2011). 102 
4 
 
Ultrasonic inspection is the most frequently studied non-destructive technique, because it is 103 
highly suitable for inline monitoring: capable of rapid and precise measurements, relatively 104 
inexpensive, non-hazardous, fully automatable and usable under stirring conditions 105 
(McClements & Povey, 1992; Martini et al., 2005b; Garbolino et al., 2000). For clarity, low 106 
intensity ultrasound is used which does not have any effect on the food product, in contrast to 107 
the high power ultrasound which is used to alter food properties or facilitate production 108 
processes (Patist & Bates, 2008). A selection of measurement set-ups for ultrasonic 109 
crystallization monitoring have been described by Rigolle et al. (2015). Commonly, most 110 
research studies deal with longitudinal or pressure waves whereby particles move in the same 111 
direction as the propagated wave. The (reflection and) transmission of pressure waves can be 112 
used to determine the SFC as this property is correlated with the ultrasonic velocity. A 113 
disadvantage of this methodology is that it is limited to low SFC levels or thin materials due to 114 
the high attenuation of crystallized fat (Singh et al., 2004). Nonetheless, data on attenuation can 115 
provide additional information about the polymorph (Häupler et al., 2014) or microstructure 116 
(Martini et al. 2005c).          117 
In Rigolle et al. (2015), we developed an ultrasonic shear reflection technique to monitor fat 118 
crystallization. The main advantage of applying a reflection technique is that no problems with 119 
excessive attenuation of the fat arise. Furthermore, shear or transverse waves, where the 120 
movement of the particles is perpendicular to the direction of the propagating wave 121 
(McClements, 1997), seem more sensitive to changes in microstructure than pressure waves, as 122 
the former require a medium that displays shear elasticity (Létang et al., 2001) to be propagated. 123 
In Rigolle et al. (2015) the shear reflectometry technique has been introduced together with an 124 
interpretation of the experimental results. In the present article, an inverse model is developed 125 
to derive quantitative parameters from the experimental results. Subsequently, these 126 
ultrasonically obtained parameters are compared with data from conventional techniques, such 127 
as DSC and PLM, to shed light on the interpretation of these parameters. To obtain relevant 128 
data for model validation, the crystallization process was modified in two ways: by changing 129 
the crystallization temperature and by adding a minor component limonene. Limonene is a 130 
diterpene, which is naturally present in the D-form in ethereal oils of lemon and orange and is 131 
relevant in a reduced fat chocolate context (Beckett, 2001; Do et al., 2008). The fat content 132 
affects the rheological and textural properties of chocolate (Afoakwa et al., 2008) and cannot 133 
be reduced without any effect on quality. Therefore, a viscosity adjusting component should be 134 
added to reduced-fat chocolate and a US Patent by Beckett (2001) states that adding limonene 135 
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(in a concentration of up to 5% by weight) to a reduced-fat chocolate results in a lower viscosity 136 
and a softer chocolate, that melts more easily in the mouth, compared with the original reduced-137 
fat chocolate without limonene. However, limonene drastically modifies the crystallization 138 
process by lowering the SFC, accelerating polymorphic transitions and changing the 139 
microstructure development (Do et al., 2008; Miyasaki et al., 2015; Ray et al., 2011). 140 
2. Materials and Methods 141 
2.1 Materials 142 
The used cocoa butter was a standard factory product of West-African origin kindly provided by 143 
Barry Callebaut (Wieze, Belgium). D-Limonene (97%) was purchased from Sigma-Aldrich and 144 
was added to the melted cocoa butter at 85°C in concentrations of 1%; 2.5%; 5% and 7.5% by 145 
weight. The samples were then stirred for 10 minutes with a magnetic stir plate to obtain a 146 
homogeneous mixture.  147 
2.2 Ultrasonic shear reflectometry measurements 148 
2.2.1 Experiments 149 
The experimental set-up for the shear reflectometry measurements is extensively described in 150 
Rigolle et al. (2015). In brief, a shear wave transducer (V154-RB, 12.7 mm active diameter, 151 
2.25 MHz central frequency, Olympus Corporation, Tokyo, Japan) is attached to the bottom 152 
side of a plexiglass plate, above which an aluminum sample holder (60 mm diameter) is placed. 153 
Liquid cocoa butter (20g) at 30°C, with or without limonene, is poured into the sample holder 154 
to form a layer of 7.7 to 8 mm. The sample holder is surrounded by a container filled with water, 155 
which is kept at constant temperature by refreshing it, using a pumping system (Masterflex L/S, 156 
Metrohm, Belgium), with water from a cryostat (RC6 LAUDA, Lauda-Königshofen, Germany) 157 
at a fixed temperature.  The experiments were carried out in a temperature controlled room, and 158 
the temperature of the water bath and of the fat sample was logged by two 80TK thermocouple 159 
modules (N.V. Fluke Belgium S.A, Gent, Belgium). A PXI-5412 arbitrary waveform generator 160 
card (National Instruments, Austin, Texas, USA) was used to produce electric signals which 161 
were converted into ultrasonic shear waves by the shear wave transducer. Excitations were 162 
typically performed at 1 MHz. A PXI-5122 data acquisition card (National Instruments, Austin, 163 
Texas, USA) was used to register the electric signals which were converted from the reflected 164 
ultrasonic shear waves by the same transducer. The signals were averaged over 128 realizations. 165 
The determination of the shear wave reflection coefficient (swRC) is based on a relative 166 
measurement with an empty sample holder as reference. Every 10 s, the reflected signal from 167 
the plexiglass-sample column above the shear wave transducer was monitored and processed 168 
to obtain the evolution of the shear wave reflection coefficient during crystallization by 169 
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calculating the ratio of the maximum amplitude of the frequency spectrum of the current signal 170 




       (1) 172 
All measurements were carried out at least in triplicate.  173 
2.2.2 Parameter inversion 174 
A multi-parameter model (see Theory section for details) was fitted to the data series by 175 
applying a non-linear regression using Matlab®. The sum of squared residuals between the 176 
observed and predicted values of the swRC was minimized by a Levenberg-Marquardt 177 
algorithm. Based on physical considerations and some assumptions, a large number of 178 
parameters could be considered fixed (see section 3.3). The final fitting was therefore 179 
performed using only 4 free parameters. Initial guess values for these parameters were 180 
automatically calculated from overall characteristics of the experimental data (periodicity, 181 
asymptote, oscillation amplitude, etc).   182 
2.3 DSC measurements 183 
A DSC Q2000 with a Refrigerated Cooling System 90 (TA Instruments, New Castle, Del., 184 
U.S.A.) and nitrogen as purge gas was used to perform the isothermal DSC experiments. The 185 
baseline was calibrated with sapphire (TA Instruments, New Castle, Del., U.S.A.) and indium 186 
(TA Instruments, New Castle, Del., U.S.A.). The samples (6 mg to 15 mg) were sealed in Tzero 187 
hermetic aluminum pans (TA Instruments, New Castle, Del., U.S.A.) and an empty pan was 188 
used as a reference.  189 
The following time-temperature program has been applied: holding at 65°C for 15 minutes to 190 
erase all crystal memory, cooling at 10°C/min to the isothermal crystallization temperature 191 
(18°C or 20°C) and holding at that temperature until crystallization is finished. Next, the sample 192 
was melted at 5°C/min to obtain the melting profile of the crystallized sample. Universal 193 
Analysis 2000 software version 4.5 A (TA Instruments, New Castle, Del., U.S.A.) was used to 194 
determine the peak onset and peak maximum in the crystallization curves and the area of the 195 
melting peak, which was integrated with a linear baseline. All experiments were performed at 196 
least in triplicate.  197 
2.4 Polarized light microscopy measurements 198 
The microstructure development during crystallization was studied by means of a polarized 199 
light microscope Olympus BX51 (Olympus Optical Co. Ltd., Tokyo, Japan) equipped with a 200 
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digital camera Infinity 2 (Lumenera corporation, Ontario, Canada). One drop of the liquefied 201 
sample (pure cocoa butter or cocoa butter with 2.5% and 7.5% limonene at 85°C) was 202 
transferred to a preheated (85°C) carrier glass with a hot (85°C) glass Pasteur pipette, and a 203 
preheated (85°C) covering slide was put on the sample. Subsequently, the sample was placed 204 
on a temperature-controlled Linkam PE120 stage (Linkam Scientific Instruments, Surrey, UK). 205 
The following time-temperature combination has been applied: heating to 65°C and holding for 206 
15 minutes to eliminate all crystal nuclei, followed by cooling at 10°C/min to the isothermal 207 
crystallization temperature (18°C or 20°C) and holding at that temperature until crystallization 208 
is finished. At different times after crystallization started, the formed crystals were 209 
photographed using the Infinity capture software provided by Lumenera using a 200x 210 
magnification.  211 
2.5 Statistics 212 
The ultrasonic and DSC parameters were analyzed by analysis of variance (ANOVA) using 213 
RStudio software. Tukey Honest Significant Differences was used as post hoc test and 214 
differences are considered significant at p<0.05. 215 
3 Theory 216 
3.1 Typical evolution of the swRC during crystallization 217 
The propagation of shear waves in crystallizing cocoa butter has been extensively discussed in 218 
Rigolle et al. (2015) and the reader is kindly referred to this paper for more detailed information. 219 
Figure 1 clarifies the relation between the oscillatory behavior of the swRC during 220 
crystallization (Fig. 1A) and the propagation of shear waves in the sample (Fig. 1B). At the start 221 
of the monitoring, the sample is in a fully liquid state (Phase 1). Since the weak molecular bonds 222 
of liquids do not support shear waves, total reflection occurs and the swRC approximates 1. 223 
When a crystallized layer of cocoa butter is formed on top of the plexiglass plate, the emitted 224 
pulse partially reflects from the plexiglass-sample boundary and partially travels across the 225 
crystallized layer until it reaches the boundary between crystallized and liquid cocoa butter 226 
(Phase 2). At this boundary, the transmitted pulse is totally reflected and it will interfere with 227 
the direct reflected pulse generated at the boundary between plexiglass and crystallized cocoa 228 
butter. The oscillatory behavior of the swRC during Phase 2 can then be explained by an 229 
alteration of constructive and destructive interferences of the two reflected pulses. Furthermore, 230 
during this period, the amplitude of the swRC oscillation is decreasing in time, which can be 231 
explained by the accrued attenuation of the pulse travelling across the crystallized sample. 232 
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When the thickness of the crystallized layer increases, the accumulated damping effect will also 233 
increase, resulting in a lower amplitude of the second reflected pulse, and consequently in a 234 
less pronounced interference effect. Ultimately, at a certain crystallized layer thickness, the 235 
accrued attenuation fully extinguishes the second reflection (Phase 3), and no interference effect 236 
occurs anymore, resulting in a stagnation of the swRC. 237 
3.2 Modeling the evolution of the swRC 238 
The swRC behavior during Phase 2 can be mathematically described by Equation 2 (Rigolle et 239 
al., 2015) whereby Table 1 lists the various model parameters. Where appropriate, the 240 
subscripts 1 and 2 refer to the value of the parameter belonging to medium 1 (plexiglass) and 241 
medium 2 (crystallized cocoa butter) respectively. The analytical model for swRC can be used 242 
to fit the experimental results in order to deduce quantitative parameters from the experimental 243 
curves describing the crystallization process. In order to do so, the time dependence of the 244 
thickness of the crystallized layer (d(t)) should be estimated by a function that closely follows 245 
the characteristics of a isothermal crystallization process. As in Rigolle et al. (2015), the Foubert 246 
model (Equation 3) (Foubert et al., 2002), written as the fraction of crystallizable fat at time t, 247 
is used to define a normalized sigmoidal function (Equation 4) describing the fraction of 248 
crystallized fat. Equation 4 was then transposed to simulate the time evolution of the 249 
crystallized layer thickness as expressed in Equation 5, where the parameter d* is related to the 250 
thickness of the crystallized layer whereby complete attenuation of the secondary pulse arises.    251 
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Table 1: List of model parameters, with reference to Equations (2-7) 260 
 Density (kg/m³) 
vs Shear ultrasonic velocity (m/s) 
as Shear ultrasonic attenuation coefficient (-) 
d(t) Thickness of the crystallized layer of medium 2 at time t (m) 
 Angular frequency (rad/s) 
y(t) Fraction of crystallizable fat at time t (-) 
y0 Initial fraction of crystallizable fat (-) 
K Crystallization rate (1/min) 
n Asymmetry characteristic of the crystallization curve (-) 
S(t) Normalized fraction of crystallized fat at time t (-) 
d* Parameter related to the thickness of the crystallized layer whereby complete attenuation of the 
secondary pulse arises (m) 
tind Induction time (min) 
 261 
Note that Equation 2, which is time dependent as the thickness of the crystallized layer 262 
gradually increases, simplifies to a constant value given by Equation 6 in Phase 3 (’long time’ 263 
asymptote) due to the factor  
2 2
exp 2 ( ) /s sd t a v  in the numerator and denominator which 264 
approximates zero at a critical value of the product of d and as2. 265 

























3.3 Inverse model 267 
The model described in section 3.2 has a large number of variable parameters. Based on 268 
physical considerations and some assumptions, a number of parameters can be considered 269 
fixed, in order to keep the model simple and facilitate the inverse modeling. 270 
First of all, the material parameters of plexiglass are fixed, whereby 1 is set to 1180 kg/m³, vs1 271 
to 1200 m/s and as1 to zero as the attenuation of plexiglass is assumed to be negligible. The 272 
density of crystallized cocoa butter (2) is set to 920 kg/m³ based on Maleky and Marangoni 273 
(2011). The shear ultrasonic velocity (vs2) and shear ultrasonic attenuation (as2) are parameters 274 
that can provide interesting information about the crystallized sample, and consequently they 275 
are considered as being variable parameters. They are however assumed to be constant over 276 
time and over the entire crystallized layer.  277 
The evolution of the crystallized layer over time, d(t), is governed by Equations 3-5 which in 278 
turn comprise four parameters: y0, K, n, which are parameters of the Foubert model, and d*. 279 
The physical interpretation of the parameter y0, the initial fraction of crystallizable fat, is not 280 
straightforward. A sensitivity analysis, displayed in Figure 2, varying the parameter y0, while 281 
all other parameters remain constant, showed that this parameter induces a horizontal shift of 282 
the results, implying that y0 is related to the induction time (tind). The relationship between y0 283 
and tind can be mathematically expressed as in Equation 7, derived by Foubert et al. (2002), who 284 
defined tind as the time needed to reach x% of crystallization. Because shear waves need a 285 
sample with a certain amount of crystallized material before they can be propagated, we set x 286 
to 5 instead of 1 as was done for the DSC curves in Foubert et al. (2002). During the current 287 
research work, and supported by results obtained in previous studies (e.g. Calliauw et al., 2008; 288 
Rigolle et al., 2015b), the crystallization rate parameter K was found to be strongly correlated 289 
with n, describing the asymmetry of the crystallization curve (Foubert et al., 2002). The 290 
influence of the parameter K, representing the crystallization rate, has already been investigated 291 
in Rigolle et al. (2015), and it was found that K is associated with the periodicity of the 292 
oscillations. More specifically, a higher value of K gives rise to faster oscillations. Therefore, 293 
it was decided to consider K variable and fix n to a constant value of 8 based on preliminary 294 
results. The same problem of high correlation with parameter K arose for the thickness 295 
parameter d*. Again, it was opted to fix d* to the average value of all preliminary inversion 296 
results, being 0.002 m, in order to make the estimation of the other parameters more reliable.  297 
The above results in a model with 4 remaining parameters: tind (induction time), K (crystallization 298 
rate), vs2 (shear ultrasonic velocity) and as2 (shear ultrasonic attenuation coefficient). Despite the 299 
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assumptions of fixed n and d*, the fit was still very good with R² values that were never below 300 
0.8, and in most cases above 0.9. This means that there is an acceptable fit with only four 301 
parameters whose values can be properly interpreted. Figure 3 illustrates the fitting of the 302 
described model to experimental data demonstrating that the 4-parameter model is able to fit 303 
the experimental curves in a sufficient manner. 304 
The initial values for the kinetic parameters (y0 and K) are estimated by the positions of the 305 
maxima and minima of the oscillations. Because of the factor  
2 2
exp 2 ( ) /s sd t a v , the 306 
overall damping of the oscillations is controlled by as2. In addition, the parameter vs2 appears to 307 
be the main parameter controlling Equation 6, defining the asymptotic value of the swRC (i.e. 308 
in the case of no interferences). Consequently, initial values of as2 and vs2, required as input for 309 
the nonlinear inversion routine, can be obtained by determining the characteristic oscillation 310 
dampening and the value of the final swRC from the experimental data respectively. In all 311 
inversions, an initial value of 0.15 for as2, derived on the basis of preliminary experiments, 312 
appeared to be appropriate to avoid that the iterative process gets stuck in a local minimum. 313 
  
  
4 Results and Discussion 314 
4.1 Effect of temperature 315 
To gain more insight into the four free parameters of the inverse model first the influence of the 316 
crystallization temperature on the ultrasonic parameters was explored. A lower crystallization 317 
temperature corresponds to a higher supercooling and therefore a higher driving force for 318 
crystallization, which significantly modifies the crystallization behavior, both kinetically and 319 
thermodynamically.  320 
4.1.1 Ultrasonic measurements 321 
Figure 4 illustrates the differences in the evolution of the swRC during crystallization of pure 322 
cocoa butter at 18°C and 20°C with one exemplary curve of each temperature and Table 2 323 
shows the inversion results for both temperatures. It can clearly be observed that the oscillations 324 
start earlier and are damped faster at 18°C compared to 20°C. The lower crystallization 325 
temperature of 18°C led to a significantly shorter tind and higher K, both suggesting a faster 326 
crystallization process. Furthermore, a significantly higher vs2 (in agreement with a lower 327 
asymptotic value of swRC) was observed for the lowest crystallization temperature. A higher 328 
vs2 indicates a more elastic sample, as it corresponds to a lower end swRC, meaning that a 329 
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greater part of the signal is transmitted into the sample because it is more acoustically similar 330 
to plexiglass. The parameter as2 did not differ significantly between both temperatures, although 331 
it was slightly lower at 20°C than at 18°C. 332 
4.1.2 Conventional techniques 333 
DSC isothermal crystallization curves of pure cocoa butter at 18°C and 20°C (detailed results 334 
not shown) exhibited two exothermic events, corresponding to a two-step crystallization 335 
process with an initial  crystallization and a consecutive polymorphic transition to ’ as 336 
described by several authors who have monitored the isothermal crystallization of cocoa butter 337 
at similar temperatures (Dewettinck et al., 2004; van Malssen, et al., 1999). As the  peak 338 
overlapped with the cooling and equilibration phase to the isothermal temperature, it was not 339 
very noticeable. The peak onset (tonset) and peak maximum (tpeak) of the main crystallization 340 
peak, representing the mediated ’ crystallization, are presented in Table 3 and it can be 341 
concluded that the crystallization process was faster at 18°C compared to 20°C.  Furthermore, 342 
the total melting enthalpy (tot), as a measure for the equilibrium SFC, was significantly 343 
higher at 18°C compared to 20°C (Table 3), which corresponds to literature (Talbot, 2009).  344 
DSC measures the heat flow and therefore the primary crystallization process consisting of 345 
nucleation and crystal growth, but is not sensitive to the aggregation of these crystals as this 346 
process does not release heat. Therefore, PLM images were taken at certain moments in time 347 
during the crystallization process. The birefringent character of fat crystals makes the crystals 348 
appear bright between two crossed polarized filters, while the liquid oil remains dark (Acevedo 349 
et al., 2011).  The pictures (detailed results not shown) confirmed that the crystals are more 350 
rapidly formed at a temperature of 18°C compared to 20°C, and also more crystals were formed 351 
at 18°C, but no clear effects on the shape and size of the crystals could be detected.  352 
4.1.3 Comparison of ultrasonic and conventional techniques 353 
Before attempting to link the ultrasonic shear reflectivity results to DSC and PLM, we must 354 
remark that the results of diverse techniques can only be relatively compared since different 355 
measuring techniques monitor distinct features of the crystallization process and equipment 356 
design differs greatly, leading to different heat transfer rates and sample sizes which can 357 
influence the crystallization process. 358 
Since tind obtained by the ultrasonic technique was much longer than the first small peak 359 
observed by DSC during and just after the cooling phase, it can be concluded (even taken into 360 
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account the difference in sample size) that the initial small  crystallization peak cannot be 361 
detected by the swRC measurements. This can be understood by reminding that shear waves 362 
need a material with a developing or established shear elasticity, such as a crystal network, to 363 
be propagated and during the α crystallization there was an insufficient amount of crystals to 364 
form such a network. On the other hand, the shorter tind measured by the ultrasonic technique 365 
at 18°C compared to 20°C (Table 2) is in accordance with the earlier tonset of the ’ peak 366 
observed with DSC (Table 3) and the more rapid formation of crystals visualized with PLM 367 
(detailed results not shown). 368 
The higher K parameter at 18°C in the ultrasonic experiments, is more difficult to link to the 369 
conventional techniques as no real growth rate could be calculated from the DSC results 370 
because the two crystallization peaks were not completely separated making it impossible to fit 371 
a crystallization model to the second peak. As the time lag between peak onset and peak 372 
maximum of the ’ peak was similar for both temperatures (Table 3), we could assume that 373 
there was no dramatic difference in the growth rate of the ’ polymorph, while a significant 374 
difference was observed for K deduced from the ultrasonic experiments (Table 2). This suggests 375 
that the ultrasonic K does not monitor the primary crystallization itself.  376 
The parameter vs2 was significantly higher at the lowest crystallization temperature (Table 2) 377 
suggesting a more elastically rigid material at that processing temperature, which could be 378 
partially explained by the higher SFC, as observed by the higher tot (Table 3). However, the 379 
mechanical properties, including the elasticity, are not only determined by the SFC, but also by 380 
the structure of the fat crystal network (Brunello et al., 2003). The slightly higher as2 at 18°C, 381 
although not significant (Table 2), can also be seen in this context as a higher amount of 382 
crystallized material damps out the ultrasonic signal to a greater extent. Yet, again, also the 383 
attenuation coefficient not only depends on the SFC, but also on the microstructure and 384 
especially on the crystal size (Martini et al., 2005). However, since, visually, only slight 385 
differences in the microstructure could be detected (detailed results not shown) no hard 386 
conclusions can be drawn about the influence of microstructure on the ultrasonic parameters.  387 
In the next section, it will be shown that the microstructure was more drastically altered by the 388 
addition of limonene in accordance to what has been reported by Ray et al. (2011) and these 389 
results will thus allow to better investigate the influence of microstructure on the ultrasonic 390 
parameters. 391 
4.2 Effect of limonene 392 
14 
 
In order to investigate the influence of the microstructure on the parameters of the ultrasonic 393 
shear reflection technique, we considered the isothermal crystallization at 18°C of pure cocoa 394 
butter and samples blended with four different concentrations of limonene (1%; 2.5%; 5% and 395 
7.5%). We analyzed the ultrasonic parameters using the inverse model and at the same time, 396 
the crystallization behavior of these blends was studied by conventional techniques (DSC and 397 
PLM). The results of the various techniques were compared to infer the significance of the 398 
parameters of the inverse model. 399 
4.2.1 Ultrasonic measurements 400 
One exemplary curve of the evolution of the swRC during crystallization of pure cocoa butter 401 
and cocoa butter samples with addition of 2.5% and 7.5% limonene is depicted in Figure 5. 402 
Table 4 presents the list of parameters of the ultrasonic shear reflection technique obtained by 403 
the inverse model for pure cocoa butter and for cocoa butter with the addition of different 404 
concentrations of limonene, isothermally crystallized at 18°C. It can be observed that both the 405 
start and the periodicity of the oscillations as well as the end swRC were influenced by the 406 
addition of limonene. The presence of limonene had no significant impact on tind (considering 407 
the error bars), although there was an increasing trend from 0% to 5% limonene. An increasing 408 
trend as function of the concentration of limonene was also visible for the K-parameter, while 409 
only the highest limonene concentration was significantly different from the pure cocoa butter. 410 
The higher K with addition of limonene corresponds to the more rapid succession of oscillations 411 
in the presence of limonene, whereby also a concentration effect was visible. Interestingly, vs2 412 
revealed significant differences between the highest concentrations limonene (5% and 7.5%) 413 
and pure cocoa butter. Moreover, a general decreasing trend was observed with increasing 414 
limonene concentrations for this parameter, which is associated with the increasing end swRC 415 
with increasing limonene concentrations, noticeable in Figure 5. On the other hand, no 416 
significant differences could be detected in the as2-parameter and hence the attenuation was 417 
similar for all samples.  418 
4.2.2 Conventional techniques 419 
Concurrently with the ultrasonic shear wave reflectivity study, isothermal DSC crystallization 420 
experiments were performed at 18°C to gain insight into the kinetics of the primary 421 
crystallization. The parameters tonset and tpeak of the main crystallization peak are summarized 422 
in Table 5. A striking feature of these results is that the behavior for the highest limonene 423 
concentration, which exhibited a significantly slower crystallization (higher tonset and tpeak) than 424 
15 
 
the pure cocoa butter, did not follow the trend of the other limonene concentrations, exhibiting 425 
a faster crystallization (lower tonset and tpeak) compared with pure cocoa butter. On the other 426 
hand, a clear trend was visible for tot, showing significantly lower melting enthalpies, 427 
corresponding to lower equilibrium SFCs, with increasing concentrations of limonene (Table 428 
5). This observation is consistent with the study of Do et al. (2008) who stated that limonene, 429 
which does not crystallize itself at 18°C, may act as a physical barrier preventing the 430 
crystallization of cocoa butter, and thus resulting in a marked decrease in crystallinity.  431 
The crystal morphology and number of crystals formed during isothermal crystallization at 432 
18°C of pure cocoa butter and cocoa butter samples with addition of 2.5% and 7.5% limonene 433 
were visualized by PLM at time intervals of 10 min (Figure 6). During the first 20 minutes 434 
fewer crystals were formed with addition of 2.5% limonene in comparison with the pure cocoa 435 
butter and very few with addition of 7.5% limonene. However, at 30 minutes larger structures 436 
could be detected in samples that contain limonene suggesting that the microstructure was very 437 
rapidly formed between 20 and 30 minutes and that with a lower amount of crystals a network 438 
was already formed. Especially for the case of 7.5% limonene, this development was 439 
noteworthy. The microstructure was still evolving until 40 minutes, resulting in a crystal 440 
network with larger structures for the samples containing limonene than in the case of the pure 441 
cocoa butter. In addition, a larger number of dark regions was visible for the samples with 442 
limonene, and in particular for 7.5%, indicating more liquid content. Again these observations 443 
are in agreement with Ray et al. (2011) who observed that after 1 day of storage at 20°C the 444 
samples containing 5% limonene exhibit much larger and distinct feather-shaped spherulites 445 
compared with the pure cocoa butter, which confirms that limonene leads to larger structures.  446 
4.2.3 Comparison of ultrasonic and conventional techniques 447 
The use of different analysis techniques allows us to compare and relate the parameters of the 448 
inverse model of the proposed ultrasonic shear reflection technique to the observations of the 449 
conventional techniques. First of all, we notice that the kinetic parameter tind, resulting from the 450 
swRC inversion (Table 4), does not match the trends of the DSC parameter, tonset. (Table 5). 451 
Furthermore, a clear downward trend was observed for the K parameter with the ultrasonic 452 
technique (Table 4), while no systematic trend was observed in the time difference of tonset and 453 
tpeak (Table 5), suggesting that limonene had no clear impact on the crystal growth rate of the 454 
primary crystallization. In contrast, PLM demonstrated that the microstructure developed much 455 
faster with the addition of limonene, especially with the addition of 7.5% (Figure 6), which 456 
agrees with the observed trend of the parameter K deduced from the proposed ultrasonic 457 
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technique (Table 4). This implies that tind more readily indicates the start of the microstructure 458 
development instead of the crystal formation, and that K should be regarded as the rate of 459 
network formation.  460 
The decreasing trend in vs2 with increasing limonene concentration (Table 4) does correlate 461 
with the decreasing tot (Table 5), and thus with the SFC, even though only the vs2-values for 462 
5% and 7.5% limonene were significantly lower than vs2 of the reference sample of pure cocoa 463 
butter (Table 4). It cannot be ruled out however that also the aggregation of the crystals affected 464 
vs2. The larger structures with addition of limonene showed less inter-particle links (Figure 6), 465 
which might also result in a decrease of vs2, leading to a cumulative effect. The fact that the 466 
attenuation was similar for all samples (Table 4), seems to contradict the clear downward trend 467 
in tot (Table 5), which is correlated with the SFC. However, PLM showed that the presence 468 
of limonene caused the formation of larger structures (Figure 6), which may also influence the 469 
attenuation of ultrasonic waves (Martini et al., 2005c), and both effects may cancel out each 470 
other. This suggests that as2 in the ultrasonic shear reflection technique is not only determined 471 
by the SFC but also by the developed microstructure. 472 
Conclusion 473 
The ultrasonic shear reflection technique is only sensitive for a sample with a certain 474 
microstructure development as shear waves need an elastic material to be propagated. 475 
Therefore, the technique does not measure the primary crystallization, but monitors the 476 
microstructural development with the crystals aggregating to form a three-dimensional elastic 477 
network. This makes the ultrasonic shear reflection technique an interesting monitoring tool 478 
complementary to techniques that measure the primary crystallization such as DSC. Both 479 
information about the kinetic aspects of the microstructure development (tind and K) as the 480 
microstructure itself (vs2 and as2) can be obtained simultaneously by this non-destructive 481 
technique which also offers potential to be applied inline.  482 
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Table 2: Parameters of the ultrasonic shear reflection technique obtained by the inverse model: the 602 
induction time (tind), the growth rate (K), the shear ultrasonic velocity (vs2) and the shear ultrasonic 603 
attenuation coefficient (as2) for pure cocoa butter isothermally crystallized at 18°C and 20°C. 604 
Tisotherm (°C) tind (min) K (1/min) vs2 (m/s) as2 (-) 
18°C 23.5 ± 5.4A 0.0054 ± 0.0004A 586 ± 46A 0.165 ± 0.029A 
20°C 32.5 ± 3.0B 0.0046 ± 0.0001B 539 ± 12B 0.141 ± 0.012A 
Mean values ± standard deviations. Values within one parameter with the same letter are not significantly 605 





























Table 3: DSC parameters of the isothermal crystallization curve of pure cocoa butter measured at 18°C 633 
and 20°C: peak onset (tonset (min)) and peak maximum (tpeak (min)) of the crystallization curve and the 634 
total melting enthalpy (Htot (J/g)). 635 
Temperature tonset (min) tpeak (min) Htot (J/g) 
18 °C  19.8 ± 0.6A 27.0 ± 0.5A 103.5 ± 0.8A 
20 °C 25.3 ± 1.1B 33.3 ± 1.4B 96.5 ± 1.1B 
Mean values ± standard deviations. Values within one parameter with the same letter are not significantly 636 





























Table 4: Parameters of the ultrasonic shear reflection technique: the induction time (tind), the growth rate 664 
(K), the shear ultrasonic velocity (vs2) and the shear ultrasonic attenuation coefficient (as2), resulting 665 
from the inverse model for pure cocoa butter and cocoa butter blends containing 1%; 2.5%; 5% and 666 
7.5% limonene isothermally crystallized at 18°C. 667 
Concentration 
limonene (%) 
tind (min) K (1/min) vs2 (m/s) as2 (-) 





25.3 ± 3.9A 
25.6 ± 2.7A 
26.7 ± 1.7A 
23.1 ± 2.0A 
0.0056 ± 0.0001A,B 
0.0061 ± 0.0006A,B 
0.0061 ± 0.0005A,B 
0.0067 ± 0.0013B 
549 ± 31A,B 
549 ± 34A,B 
485 ± 14B,C 
467 ± 28C 
0.186 ± 0.035A 
0.162 ± 0.032A 
0.152 ± 0.038A 
0.164 ± 0.096A 
Mean values ± standard deviations. Values within one parameter with the same letter are not significantly 668 

























Table 5: DSC parameters for the isothermal crystallization of pure cocoa butter and cocoa butter blends 692 
containing 1%; 2.5%; 5% and 7.5% limonene at 18°C: peak onset (tonset (min)) and peak maximum (tpeak 693 







Mean values ± standard deviations. Values within one parameter with the same letter are not significantly 701 

























tonset (min) tpeak (min) Htot (J/g) 
0% 19.8 ± 0.6A 27.0 ± 0.5A 103.5 ± 0.8A 
1% 16.7 ± 0.3B 23.5 ± 0.4B 97.0 ± 0.8B 
2.5% 15.8 ± 1.6B 23.0 ± 1.1B 90.6 ± 0.5C 
5% 17.7 ± 1.1B 23.5 ± 1.0B 78.4 ± 2.6D 






Figure 1: Principle of the ultrasonic shear reflection technique: schematic representation of the link 728 
between the typical pattern of the swRC (A) and the propagation of shear waves (B) at three distinct 729 














Figure 2: Illustration of the influence of the parameter y0 on the swRC as function of the crystallization 742 
time (min). The parameter y0 is varied between 0.975; 0.98 and 0.985. The other model parameters are 743 






















Figure 3: Overlay of an experimental and model result of the evolution of the swRC in function of time 764 
(min) during the isothermal crystallization of pure cocoa butter at 20°C with n and d* fixed to 8 and 765 





























Figure 4: Overlay of the evolution of the swRC in time (min) during the isothermal crystallization of 793 
pure cocoa butter measured at 18°C and 20°C. One representative curve is displayed for both 794 
temperatures. The measurements were carried out on independent samples and a frequency of 1 MHz 795 


























Figure 5: Overlay of the evolution of the swRC in time (min) during the isothermal crystallization at 820 
18°C of pure cocoa butter and cocoa butter blends containing 2.5% and 7.5% limonene. One 821 

























Figure 6: PLM images of cocoa butter added with 2.5 % (w/w) and 7.5 % (w/w) limonene after different 845 
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